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ENZYMATIC DNA MOLECULES 

This invention Was made With government support under 
Contract No. AI 30882 by the National Institutes of Health. 
The government has certain rights in the invention. 

TECHNICAL FIELD 

The present invention relates to nucleic acid enzymes or 
catalytic (enzymatic) DNA molecules that are capable of 
cleaving other nucleic acid molecules, particularly RNA. 
The present invention also relates to compositions contain 
ing the disclosed enzymatic DNA molecules and to methods 
of making and using such enzymes and compositions. 

BACKGROUND 

The need for catalysts that operate outside of their native 
context or Which catalyze reactions that are not represented 
in nature has resulted in the development of “enzyme 
engineering” technology. The usual route taken in enzyme 
engineering has been a “rational design” approach, relying 
upon the understanding of natural enzymes to aid in the 
construction of neW enzymes. Unfortunately, the state of 
pro?ciency in the areas of protein structure and chemistry is 
insufficient to make the generation of novel biological 
catalysts routine. 

Recently, a different approach for developing novel cata 
lysts has been applied. This method involves the construc 
tion of a heterogeneous pool of macromolecules and the 
application of an in vitro selection procedure to isolate 
molecules from the pool that catalyze the desired reaction. 
Selecting catalysts from a pool of macromolecules is not 
dependent on a comprehensive understanding of their struc 
tural and chemical properties. Accordingly, this process has 
been dubbed “irrational design” (Brenner et al., Proc. Natl. 
Acad. Sci. USA, 891538145383, 1992). 

Most efforts to date involving the rational design of 
enzymatic RNA molecules or ribozymes have not led to 
molecules With fundamentally neW or improved catalytic 
function. HoWever, the application of irrational design meth 
ods via a process We have described as “directed molecular 
evolution” or “in vitro evolution”, Which is patterned after 
DarWinian evolution of organisms in nature, has the poten 
tial to lead to the production of DNA molecules that have 
desirable functional characteristics. 

This technique has been applied With varying degrees of 
success to RNA molecules in solution (see, e.g., Mills et al, 
Proc. Natl. Acaal Sci. USA, 581217, 1967; Green et al, 
Nature, 3471406, 1990; ChoWrira et al, Nature, 3541320, 
1991; Joyce, Gene, 82183, 1989; Beaudry et al, Science, 
25716354641, 1992; Robertson et al, Nature, 3441467, 
1990), as Well as to RNAs bound to a ligand that is attached 
to a solid support (Tuerk et al, Science, 2491505, 1990; 
Ellington et al, Nature, 3461818, 1990). It has also been 
applied to peptides attached directly to a solid support (Lam 
et al, Nature, 354182, 1991); and to peptide epitopes 
expressed Within a viral coat protein (Scott et al, Science, 
2491386, 1990; Devlin et al, Science, 2491249, 1990; CWirla 
et al, Proc. Natl. Acad. Sci. USA, 8716378, 1990). 

It has been more than a decade since the discovery of 
catalytic RNA (Kruger et al, Cell, 3111474157, 1982; Guer 
rier-Takada et al, Cell, 3518494857, 1983). The list of knoWn 
naturally-occurring ribozymes continues to groW (see Cech, 
in The RNA World, Gesteland & Atkins (eds.), pp. 2394269, 
Cold Spring Harbor Laboratory Press, Cold Spring Harbor, 
NY. (1993); Pyle, Science, 26117094714, 1993; Symons, 
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2 
Curr. Opin. Struct. Biol, 413224330, 1994) and, in recent 
years, has been augmented by synthetic ribozymes obtained 
through in vitro evolution. (See Joyce, Curr. Opin. Struct. 
Biol, 413314336, 1994; Breaker et al, Trends Biotech., 
1212684275, 1994; Chapman et al, Curr Opin. Struct. Biol, 
416184622, 1994). 

It seems reasonable to assume that DNA can have cata 

lytic activity as Well, considering that it contains most of the 
same functional groups as RNA. HoWever, With the excep 
tion of certain viral genomes and replication intermediates, 
nearly all of the DNA in biological organisms occurs as a 
complete duplex, precluding it from adopting a complex 
secondary and tertiary structure. Thus it is not surprising that 
DNA enzymes have not been found in nature. 

Until the advent of the present invention, the design, 
synthesis and use of catalytic DNA molecules With nucle 
otide-cleaving capabilities has not been disclosed or dem 
onstrated. Therefore, the discoveries and inventions dis 
closed herein are particularly signi?cant, in that they 
highlight the potential of in vitro evolution as a means of 
designing increasingly more ef?cient catalytic molecules, 
including enzymatic DNA molecules that cleave other 
nucleic acids, particularly RNA. 

BRIEF SUMMARY OF THE INVENTION 

The present invention describes a synthetic or engineered 
(i.e., non-naturally-occurring) catalytic DNA molecule (or 
enzymatic DNA molecule) capable of cleaving a substrate 
nucleic acid (NA) sequence at a de?ned cleavage site. The 
invention also contemplates an enzymatic DNA molecule 
having an endonuclease activity. 
A preferred catalytic DNA molecule has site-speci?c 

endonuclease activity speci?c for a nucleotide sequence 
de?ning a cleavage site in a preselected substrate nucleic 
acid sequence. The DNA molecule has ?rst and second 
substrate binding regions ?anking a core region, Wherein the 
?rst substrate binding region has a sequence complementary 
to a ?rst portion of the preselected substrate nucleic acid 
sequence, and the second substrate binding region has a 
sequence complementary to a second portion of the prese 
lected substrate nucleic acid sequence. The core region has 
a sequence according to the formula: 

T(stem)'AGC(stem)"Z, (L) 

Wherein the (stem)' and (stem)" are each three sequential 
nucleotides Which When hybridized as a (stem)'1(stem)" pair 
comprise three base pairs including at least tWo G1C pairs 
and Wherein ZIWCGR or WCGAA, and WIA or T and 
RIA or G. In a preferred embodiment, formula I de?nes 
SEQ ID NO 120 (8-17). 

Also contemplated is a core region having a sequence 
according to the formula: 

RGGCTAGCHACAACGA (SEQ ID NO: 122), (11.) 

Wherein HIT, C or A, and RIA or G. In a preferred 
embodiment, formula I de?nes SEQ ID NO 121 (10-23). 

In another embodiment, the endonuclease activity is spe 
ci?c for a nucleotide sequence de?ning a cleavage site 
comprising single-stranded nucleic acid in a substrate 
nucleic acid sequence. In another preferred variation, the 
cleavage site is double-stranded nucleic acid. Similarly, 
substrate nucleic acid sequences may be single-stranded, 
double-stranded, partially single- or double-stranded, 
looped, or any combination thereof. 

In another contemplated embodiment, the substrate 
nucleic acid sequence includes one or more nucleotide 
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analogues. In one variation, the substrate nucleic acid 
sequence is a portion of, or attached to, a larger molecule. 

In various embodiments, the larger molecule is selected 
from the group consisting of RNA, modi?ed RNA, DNA, 
modi?ed DNA, nucleotide analogs, or composites thereof. 
In another example, the larger molecule comprises a com 
posite of a nucleic acid sequence and a non-nucleic acid 
sequence. 

In another embodiment, the invention contemplates that a 
substrate nucleic acid sequence includes one or more nucle 
otide analogs. A further variation contemplates that the 
single stranded nucleic acid comprises RNA, DNA, modi 
?ed RNA, modi?ed DNA, one or more nucleotide analogs, 
or any composite thereof. In one embodiment of the dis 
closed invention, the endonuclease activity comprises 
hydrolytic cleavage of a phosphoester bond at the cleavage 
site. 

In various preferred embodiments, the catalytic DNA 
molecules of the present invention are single-stranded in 
Whole or in part. These catalytic DNA molecules may 
preferably assume a variety of shapes consistent With their 
catalytic activity. Thus, in one variation, a catalytic DNA 
molecule of the present invention includes one or more 
hairpin loop structures. In yet another variation, a catalytic 
DNA molecule may assume a shape similar to that of 
“hammerhead” ribozymes. In still other embodiments, a 
catalytic DNA molecule may assume a conformation similar 
to that of Telrahymena lhermophila ribozymes, e.g., those 
derived from group I introns. 

Similarly, preferred catalytic DNA molecules of the 
present invention are able to demonstrate site-speci?c endo 
nuclease activity irrespective of the original orientation of 
the substrate molecule. Thus, in one preferred embodiment, 
an enzymatic DNA molecule of the present invention is able 
to cleave a substrate nucleic acid sequence that is separate 
from the enzymatic DNA moleculeiie, it is not linked to 
the DNAzyme. In another preferred embodiment, an enzy 
matic DNA molecule is able to cleave an attached substrate 
nucleic acid sequenceiie, it is able to perform a reaction 
similar to self-cleavage. 
The invention also contemplates enzymatic DNA mol 

ecules (catalytic DNA molecules, deoxyribozymes or 
DNAzymes) having endonuclease activity, Whereby the 
endonuclease activity requires the presence of a divalent 
cation. In various preferred, alternative embodiments, the 
divalent cation is selected from the group consisting of Pb“, 
Mg“, Mn“, Zn“, and Ca“. Another variation contem 
plates that the endonuclease activity requires the presence of 
a monovalent cation. In such alternative embodiments, the 
monovalent cation is preferably selected from the group 
consisting of Na+ and K". 

In various preferred embodiments of the invention, an 
enzymatic DNA molecule comprises a nucleotide sequence 
selected from the group consisting of SEQ ID NO 3, SEQ ID 
NO 14; SEQ ID NO 15; SEQ ID NO 16; SEQ ID NO 17; 
SEQ ID NO 18; SEQ ID NO 19; SEQ ID NO 20; SEQ ID 
NO 21; and SEQ ID NO 22. In other preferred embodiments, 
a catalytic DNA molecule of the present invention comprises 
a nucleotide sequence selected from the group consisting of 
SEQ ID NO 23; SEQ ID NO 24; SEQ ID NO 25; SEQ ID 
NO 26; SEQ ID NO 27; SEQ ID NO 28; SEQ ID NO 29; 
SEQ ID NO 30; SEQ ID NO 31; SEQ ID NO 32; SEQ ID 
NO 33; SEQ ID NO 34; SEQ ID NO 35; SEQ ID NO 36; 
SEQ ID NO 37; SEQ ID NO 38; and SEQ ID NO 39. 

Another preferred embodiment contemplates that a cata 
lytic DNA molecule of the present invention comprises a 
nucleotide sequence selected from the group consisting of 
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4 
SEQ ID NO 50 and SEQ ID NO 51. In yet another preferred 
embodiment, a catalytic DNA molecule of the present inven 
tion comprises a nucleotide sequence selected from the 
group consisting of SEQ ID NOS 52 through 101. As 
disclosed herein, catalytic DNA molecules having sequences 
substantially similar to those disclosed herein are also con 
templated. Thus, a Wide variety of substitutions, deletions, 
insertions, duplications and other mutations may be made to 
the Within-described molecules in order to generate a variety 
of other useful enzymatic DNA molecules; as long as said 
molecules display site-speci?c cleavage activity as disclosed 
herein, they are Within the boundaries of this disclosure. 

In a further variation of the present invention, an enzy 
matic DNA molecule of the present invention preferably has 
a substrate binding af?nity of about 1 uM or less. In another 
embodiment, an enzymatic DNA molecule of the present 
invention binds substrate With a KB of less than about 0.1 

uM. 
The present invention also discloses enzymatic DNA 

molecules having useful turnover rates. In one embodiment, 
the turnover rate is less than 5 hr“; in a preferred embodi 
ment, the rate is less than about 2 hr_l; in a more preferred 
embodiment, the rate is less than about 1 hr“; in an even 
more preferred embodiment, the turnover rate is about 0.6 
hr or less. 

In still another embodiment, an enzymatic DNA molecule 
of the present invention displays a useful turnover rate 
Wherein the kobs is less than 1 min-1, preferably less than 0.1 
min_l; more preferably, less than 0.01 min_l; and even more 
preferably, less than 0.005 min-l. In one variation, the value 
of kobs is approximately 0.002 min“1 or less. 
The present invention also contemplates embodiments in 

Which the catalytic rate of the disclosed DNA enzymes is 
fully optimized. Thus, in various preferred embodiments, 
the Km for reactions enhanced by the presence of Mg“ is 
approximately 0.5420 mM, preferably about 1410 mM, and 
more preferably about 245 mM. 
The present invention also contemplates an embodiment 

Whereby the nucleotide sequence de?ning the cleavage site 
comprises at least one nucleotide. In various other preferred 
embodiments, a catalytic DNA molecule of the present 
invention is able to recognize and cleave a nucleotide 
sequence de?ning a cleavage site of tWo or more nucle 
otides. 

In various preferred embodiments, an enzymatic DNA 
molecule of the present invention comprises a conserved 
core ?anked by one or more substrate binding regions. In 
one embodiment, an enzymatic DNA molecule includes ?rst 
and second substrate binding regions. In another embodi 
ment, an enzymatic DNA molecule includes tWo or more 
substrate binding regions. 
As noted previously, preferred catalytic DNA molecules 

of the present invention may also include a conserved core. 
In one preferred embodiment, the conserved core comprises 
one or more conserved regions. In other preferred variations, 
the one or more conserved regions include a nucleotide 

sequence selected from the group consisting of CG; CGA; 
AGCG; AGCCG; CAGCGAT; CTTGTTT; and CTTATTT 
(see, e.g., FIG. 3). 

In one embodiment of the invention, an enzymatic DNA 
molecule of the present invention further comprises one or 
more variable or spacer nucleotides betWeen the conserved 
regions in the conserved core. In another embodiment, an 
enzymatic DNA molecule of the present invention further 
comprises one or more variable or spacer nucleotides 
betWeen the conserved core and the substrate binding 
region. 
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In one variation, the ?rst substrate binding region pref 
erably includes a nucleotide sequence selected from the 
group consisting of CATCTCT; GCTCT; TTGCTTTTT; 
TGTCTTCTC; TTGCTGCT; GCCATGCTTT (SEQ ID NO 
40); CTCTATTTCT (SEQ ID NO 41); GTCGGCA; 
CATCTCTTC; and ACTTCT. In another preferred variation, 
the second substrate binding region includes a nucleotide 
sequence selected from the group consisting of TATGT 
GACGCTA (SEQ ID NO 42); TATAGTCGTA (SEQ ID NO 
43); ATAGCGTATTA (SEQ ID NO 44); ATAGTTACGT 
CAT (SEQ ID NO 45); AATAGTGAAGTGTT (SEQ ID NO 
46); TATAGTGTA; ATAGTCGGT; ATAGGCCCGGT (SEQ 
ID NO 47); AATAGTGAGGCTTG (SEQ ID NO 48); and 
ATGNTG. 

In various embodiments of the present invention, the 
substrate binding regions vary in length. Thus, for example, 
a substrate binding region may comprise a single nucleotide 
to dozens of nucleotides. However, it is understood that 
substrate binding regions of about 3425 nucleotides in 
length, preferably about 3415 nucleotides in length, and 
more preferably about 3410 nucleotides in length are par 
ticularly preferred. In various embodiments, the individual 
nucleotides in the substrate binding regions are able to form 
complementary base pairs With the nucleotides of the sub 
strate molecules; in other embodiments, noncomplementary 
base pairs are formed. A mixture of complementary and 
noncomplementary base pairing is also contemplated as 
falling Within the scope of the disclosed embodiments of the 
invention. 

In another preferred embodiment, a catalytic DNA mol 
ecule of the present invention may further comprise a third 
substrate binding region. In some preferred embodiments, 
the third region includes a nucleotide sequence selected 
from the group consisting of TGTT; TGTTA; and TGTTAG. 
Another preferred embodiment of the present invention 
discloses an enzymatic DNA molecule further comprising 
one or more variable or “spacer” regions betWeen the 
substrate binding regions. 

In another disclosed embodiment, the present invention 
contemplates a puri?ed, synthetic enzymatic DNA molecule 
separated from other DNA molecules and oligonucleotides, 
the enzymatic DNA molecule having an endonuclease activ 
ity, Wherein the endonuclease activity is speci?c for a 
nucleotide sequence de?ning a cleavage site comprising 
single- or double-stranded nucleic acid in a substrate nucleic 
acid sequence. In one variation, a synthetic (or engineered) 
enzymatic DNA molecule having an endonuclease activity is 
disclosed, Wherein the endonuclease activity is speci?c for 
a nucleotide sequence de?ning a cleavage site consisting 
essentially of a single- or double-stranded region of a 
substrate nucleic acid sequence. 

In yet another embodiment, the invention contemplates an 
enzymatic DNA molecule comprising a deoxyribonucle 
otide polymer having a catalytic activity for hydrolyzing a 
nucleic acid-containing substrate to produce substrate cleav 
age products. In one variation, the hydrolysis takes place in 
a site-speci?c manner. As noted previously, the polymer may 
be single-stranded, double-stranded, or some combination of 
both. 

The invention further contemplates that the substrate 
comprises a nucleic acid sequence. In various embodiments, 
the nucleic acid sequence substrate comprises RNA, modi 
?ed RNA, DNA, modi?ed DNA, one or more nucleotide 
analogs, or composites of any of the foregoing. One embodi 
ment contemplates that the substrate includes a single 
stranded segment; still another embodiment contemplates 
that the substrate is double-stranded. 
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6 
The present invention also contemplates an enzymatic 

DNA molecule comprising a deoxyribonucleotide polymer 
having a catalytic activity for hydrolyzing a nucleic acid 
containing substrate to produce a cleavage product. In one 
variation, the enzymatic DNA molecule has an effective 
binding af?nity for the substrate and lacks an effective 
binding affinity for the cleavage product. 

In one preferred embodiment, the invention discloses a 
non-naturally-occurring enzymatic DNA molecule compris 
ing a nucleotide sequence de?ning a conserved core ?anked 
by recognition domains, variable regions, and spacer 
regions. Thus, in one preferred embodiment, the nucleotide 
sequence de?nes a ?rst variable region contiguous or adja 
cent to the 5'-terminus of the molecule, a ?rst recognition 
domain located 3'-terminal to the ?rst variable region, a ?rst 
spacer region located 3'-terminal to the ?rst recognition 
domain, a ?rst conserved region located 3'-terminal to the 
?rst spacer region, a second spacer region located 3'-termi 
nal to the ?rst conserved region, a second conserved region 
located 3'-terminal to the second spacer region, a second 
recognition domain located 3'-terminal to the second con 
served region, and a second variable region located 3'-ter 
minal to the second recognition domain. 

In another embodiment, the nucleotide sequence prefer 
ably de?nes a ?rst variable region contiguous or adjacent to 
the 5'-terminus of the molecule, a ?rst recognition domain 
located 3'-terminal to the ?rst variable region, a ?rst spacer 
region located 3'-terminal to the ?rst recognition domain, a 
?rst conserved region located 3'-terminal to the ?rst spacer 
region, a second spacer region located 3'-terminal to the ?rst 
conserved region, a second conserved region located 3'-ter 
minal to the second spacer region, a second recognition 
domain located 3'-terminal to the second conserved region, 
a second variable region located 3'-terminal to the second 
recognition domain, and a third recognition domain located 
3'-terminal to the second variable region. 

In one variation of the foregoing, the molecule includes a 
conserved core region ?anked by tWo substrate binding 
domains; in another, the conserved core region comprises 
one or more conserved domains. In other preferred embodi 
ments, the conserved core region further comprises one or 
more variable or spacer nucleotides. In yet another embodi 
ment, an enzymatic DNA molecule of the present invention 
further comprises one or more spacer regions. 
The present invention further contemplates a Wide variety 

of compositions. For example, compositions including an 
enzymatic DNA molecule as described hereinabove are 
disclosed and contemplated herein. In one alternative 
embodiment, a composition according to the present inven 
tion comprises tWo or more populations of enzymatic DNA 
molecules as described above, Wherein each population of 
enzymatic DNA molecules is capable of cleaving a different 
sequence in a substrate. In another variation, a composition 
comprises tWo or more populations of enzymatic DNA 
molecules as described hereinabove, Wherein each popula 
tion of enzymatic DNA molecules is capable of recognizing 
a different substrate. In various embodiments, it is also 
preferred that compositions include a monovalent or diva 
lent cation. 
The present invention further contemplates methods of 

generating, selecting, and isolating enzymatic DNA mol 
ecules of the present invention. In one variation, a method of 
selecting enzymatic DNA molecules that cleave a nucleic 
acid sequence (e.g., RNA) at a speci?c site comprises the 
folloWing steps: (a) obtaining a population of putative 
enzymatic DNA moleculesiWhether the sequences are 
naturally-occurring or syntheticiand preferably, they are 
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single-stranded DNA molecules; (b) admixing nucleotide 
containing substrate sequences With the aforementioned 
population of DNA molecules to form an admixture; (c) 
maintaining the admixture for a suf?cient period of time and 
under predetermined reaction conditions to alloW the puta 
tive enzymatic DNA molecules in the population to cause 
cleavage of the substrate sequences, thereby producing 
substrate cleavage products; (d) separating the population of 
DNA molecules from the substrate sequences and substrate 
cleavage products; and (e) isolating DNA molecules that 
cleave substrate nucleic acid sequences (e.g., RNA) at a 
speci?c site from the population. 

In a further variation of the foregoing method, the DNA 
molecules that cleave substrate nucleic acid sequences at a 
speci?c site are tagged With an immobilizing agent. In one 
example, the agent comprises biotin. 

In yet another variation of the aforementioned method, 
one begins by selecting a sequenceie.g., a predetermined 
“target” nucleotide sequenceithat one Wishes to cleave 
using an enzymatic DNA molecule engineered for that 
purpose. Thus, in one embodiment, the pre-selected (or 
predetermined) “target” sequence is used to generate a 
population of DNA molecules capable of cleaving substrate 
nucleic acid sequences at a speci?c site via attaching or 
“tagging” it to a deoxyribonucleic acid sequence containing 
one or more randomized sequences or segments. In one 

variation, the randomized sequence is about 40 nucleotides 
in length; in another variation, the randomized sequence is 
about 50 nucleotides in length. Randomized sequences that 
are 140, 40450, and 504100 nucleotides in length are also 
contemplated by the present invention. 

In one embodiment of the present invention, the nucle 
otide sequence used to generate a population of enzymatic 
DNA molecules is selected from the group consisting of 
SEQ ID NO 4, 23, 50 AND 51. In another embodiment, the 
“target” or “substrate” nucleotide sequence comprises a 
sequence of one or more ribonucleotidesisee, e.g., the 
relevant portions of SEQ ID NOS 4 and 23, and SEQ ID NO 
49. It is also contemplated by the present invention that a 
useful “target” or “substrate” nucleotide sequence may 
comprise DNA, RNA, or a composite thereof. 

The invention also contemplates methods as described 
above, Wherein the isolating step further comprises exposing 
the tagged DNA molecules to a solid surface having avidin 
linked thereto, Whereby the tagged DNA molecules become 
attached to the solid surface. As before, the substrate may be 
RNA, DNA, a composite of both, or a molecule including 
nucleotide sequences. 

The present invention also contemplates a method for 
speci?cally cleaving a substrate nucleic acid sequence at a 
particular cleavage site, comprising the steps of (a) provid 
ing an enzymatic DNA molecule capable of cleaving a 
substrate nucleic acid sequence at a speci?c cleavage site; 
and (b) contacting the enzymatic DNA molecule With the 
substrate nucleic acid sequence to cause speci?c cleavage of 
the nucleic acid sequence at the cleavage site. In one 
variation, the enzymatic DNA molecule is a non-naturally 
occurring (or synthetic) DNA molecule. In another variation, 
the enzymatic DNA molecule is single-stranded. 

In still another variation of the foregoing method, the 
substrate comprises a nucleic acid. In various embodiments, 
the substrate nucleic acid comprises RNA, modi?ed RNA, 
DNA, modi?ed DNA, one or more nucleotide analogs, or 
composites of any of the foregoing. In yet another embodi 
ment, the speci?c cleavage is caused by the endonuclease 
activity of the enzymatic DNA molecule. Alteration of 
reaction conditions4e.g., the adjustment of pH, tempera 
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8 
ture, percent cation, percent enzyme, percent substrate, and 
percent productiis also contemplated herein. 
The present invention also contemplates a method of 

cleaving a phosphoester bond, comprising (a) admixing an 
catalytic DNA molecule capable of cleaving a substrate 
nucleic acid sequence at a de?ned cleavage site With a 
phosphoester bond-containing substrate, to form a reaction 
admixture; and (b) maintaining the admixture under prede 
termined reaction conditions to alloW the enzymatic DNA 
molecule to cleave the phosphoester bond, thereby produc 
ing a population of substrate products. In one embodiment, 
the enzymatic DNA molecule is able to cleave the phospho 
ester bond in a site-speci?c manner. In another embodiment, 
the method further comprises the steps of (c) separating the 
products from the catalytic DNA molecule; and (d) adding 
additional substrate to the enzymatic DNA molecule to form 
a neW reaction admixture. 

The present invention also contemplates methods of engi 
neering enzymatic DNA molecules that cleave phosphoester 
bonds. One exemplary method comprises the folloWing 
steps: (a) obtaining a population of single-stranded DNA 
molecules; (b) introducing genetic variation into the popu 
lation to produce a variant population; (c) selecting indi 
viduals from the variant population that meet predetermined 
selection criteria; (d) separating the selected individuals 
from the remainder of the variant population; and (e) ampli 
fying the selected individuals. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates a selective ampli?cation scheme for 
isolation of DNAs that cleave a target RNA phosphoester. As 
shoWn, double-stranded DNA that contains a stretch of 50 
random nucleotides (the molecule With “N50” (SEQ ID NO 
145) indicated above it) is ampli?ed by PCR, employing a 
5'-biotinylated DNA primer that is terminated at the 3' end 
by an adenosine ribonucleotide (rA). (The biotin label is 
indicated via the encircled letter “B”.) This primer is 
extended by Taq polymerase to yield a DNA product that 
contains a single embedded ribonucleotide. The resulting 
double-stranded DNA is immobilized on a streptavidin 
matrix and the unbiotinylated DNA strand is removed by 
Washing With 0.2 N NaOH. After re-equilibrating the col 
umn With a buffered solution, the column is Washed With the 
same solution With added 1 mM PbOAc. DNAs that undergo 
Pb2+-dependent self-cleavage are released from the column, 
collected in the eluant, and ampli?ed by PCR. The PCR 
products are then used to initiate the next round of selective 
ampli?cation. 

FIG. 2 illustrates self-cleavage activity of the starting pool 
of DNA (G0) and populations obtained after the ?rst through 
?fth rounds of selection (Gl?S), in the presence of lead 
cation (Pb2+). the symbol Pre represents l08-nucleotide 
precursor DNA (SEQ ID NO 4); Clv, 28-nucleotide 
5'-cleavage product (SEQ ID NO 5); and M, primer 3a (SEQ 
ID NO 6), Which corresponds in length to the 5'-cleavage 
product. 

FIG. 3 illustrates the sequence alignment of individual 
variants isolated from the population after ?ve rounds of 
selection. The ?xed substrate domain is shoWn at the top, 
With the target riboadenylate identi?ed via an inverted 
triangle (SEQ ID NO 13). Substrate nucleotides that are 
commonly involved in presumed base-pairing interactions 
are indicated by vertical bars. Sequences corresponding to 
the 50 initially-randomized nucleotides are aligned antipar 
allel to the substrate domain. All of the variants are 3'-ter 
minated by the ?xed sequence 5'-CGGTAAGCTTGGCAC 
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3' (not shown; SEQ ID NO 1). Nucleotides Within the 
initially-randomized region that are presumed to form base 
pairs With the substrate domain are indicated on the right and 
left sides of the Figure; the putative base-pair-forrning 
regions of the enzymatic DNA molecules are individually 
boxed in each sequence shoWn. Conserved regions are 
illustrated via the tWo large, centrally-located boxes. 

FIGS. 4A and 4B illustrate DNA-catalyZed cleavage of an 
RNA phosphoester in an intermolecular reaction that pro 
ceeds With catalytic turnover. FIG. 4A is a diagrammatic 
representation of the complex formed betWeen the l9mer 
substrate (5'-TCACTATrAGGAAGAGATGG-3', SEQ ID 
NO 2) and 38mer DNA enzyme (5'-ACACATCTCTGAAG 
TAGCGCCGCCGTATAGTGACGCTA-3', SEQ ID NO 3). 
The substrate contains a single adenosine ribonucleotide 
(“rA”, adjacent to the arroW), ?anked by deoxyribonucle 
otides. The synthetic DNA enZyme is a 38-nucleotide por 
tion of the most frequently occurring variant shoWn in FIG. 
3. Highly-conserved nucleotides located Within the putative 
catalytic domain are “boxed”. As illustrated, one conserved 
sequence is “AGCG”, While another is “CG” (reading in the 
5'Q3' direction). 

FIG. 4B shoWs an Eadie-Hofstee plot used to determine 
Km (negative slope) and Vmax (y-intercept) for DNA-cata 
lyZed cleavage of [5'-32P] -labeled substrate under conditions 
identical to those employed during in vitro selection. Initial 
rates of cleavage Were determined for reactions involving 5 
nM DNA enZyme and either 0.125, 0.5, 1, 2, or 4 uM 
substrate. 

FIG. 5 is a photographic representation shoWing a poly 
acrylamide gel demonstrating speci?c endoribonuclease 
activity of four families of selected catalytic DNAs. Selec 
tion of a Pb2+ -dependent family of molecules Was repeated 
in a side-by-side fashion as a control (?rst group). In the 
second group, Zn2+ is used as the cation; in group three, the 
cation is Mn2+; and in the fourth group, the cation is Mg2+. 
A ?fth site on the gel consists of the cleavage product alone, 
as a marker. 

As noted, there are three lanes Within each of the afore 
mentioned four groups. In each group of three lanes, the ?rst 
lane shoWs the lack of activity of the selected population in 
the absence of the metal cation, the second lane shoWs the 
observed activity in the presence of the metal cation, and the 
third lane shoWs the lack of activity of the starting pool (G0). 

FIGS. 6A and 6B provide tWo-dimensional illustrations of 
a “progenitor” catalytic DNA molecule and one of several 
catalytic DNA molecules obtained via the selective ampli 
?cation methods disclosed herein, respectively. FIG. 6A 
illustrates an exemplary molecule from the starting pool, 
shoWing the overall con?guration of the molecules repre 
sented by SEQ ID NO 133. As illustrated, various comple 
mentary nucleotides ?ank the random (N40) (SEQ ID NO 
143) region. FIG. 6B is a diagrammatic representation of 
one of the Mg2+-dependent catalytic DNA molecules (or 
“DNAZymes”) (SEQ ID NO 123) generated via the Within 
described procedures. The location of the ribonucleotide in 
the substrate nucleic acid is indicated via the arroW in both 
FIGS. 6A and 6B. 

FIG. 7 illustrates some of the results of ten rounds of in 
vitro selective ampli?cation carried out essentially as 
described in Example 5 hereinbeloW. As shoWn, tWo sites 
and tWo families of catalysts emerged as displaying the most 
ef?cient cleavage of the target sequence. Cleavage condi 
tions Were essentially as indicated in FIG. 7, namely, 10 mM 
Mg“, pH 7.5, and 370 C.; data collected after the reaction 
ran for 2 hours is shoWn. Cleavage (%) is shoWn plotted 
against the number of generations (here, 0 through 10). The 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

10 
number/prevalence of catalytic DNA molecules capable of 
cleaving the target sequence at the indicated sites in the 
substrate is illustrated via the vertical bars, With cleavage at 
G\|,UAACUAGAGAU (SEQ ID NO 49) shoWn by the 
striped bars, and With cleavage at GUAACUA\|,GAGAU 
(SEQ ID NO 49) illustrated via the open (lightly-shaded) 
bars. 

FIG. 8 illustrates the nucleotide sequences, cleavage sites, 
and turnover rates of tWo catalytic DNA molecules of the 
present invention, clones 8-17 (SEQ ID NO 134) and 10-23 
(SEQ ID NO 136). Reaction conditions Were as shoWn, 
namely, 10 mM Mg“, pH 7.5, and 370 C. The DNAZyme 
identi?ed as clone 8-17 is illustrated on the left, With the site 
of cleavage of the RNA substrate indicated by the arroW. The 
substrate sequence (5'-GGAAAAAGUAACUAGAGAUG 
GAAG-3' (SEQ ID NO l35))iWhiCh is separate from the 
DNAZyme (i.e., intermolecular cleavage is ShOWIDiiS 
labeled as such. Similarly, the DNAZyme identi?ed herein as 
10-23 is shoWn on the right, With the site of cleavage of the 
RNA substrate indicated by the arroW. Again, the substrate 
sequence is indicated (SEQ ID NO 135). For the 8-17 
enZyme, the turnover rate Was approximately 0.6 hr_l; for 
the 10-23 enZyme, the turnover rate Was approximately 1 
hr_l. Noncomplementary pairings are indicated With a 
closed circle (C), Whereas complementary pairings are 
indicated With a vertical line (|). 

FIG. 9 further illustrates the nucleotide sequences, cleav 
age sites, and turnover rates of tWo catalytic DNA molecules 
of the present invention, clones 8-17 (SEQ ID NO 138) and 
10-23 (SEQ ID NO 137). Reaction conditions Were as 
shoWn, namely, 10 mM Mg2+, pH 7.5, and 370 C. As in FIG. 
8, the DNAZyme identi?ed as clone 8-17 is illustrated on the 
left, With the site of cleavage of the RNA substrate indicated 
by the arroW. The substrate sequence (5' 
GGAAAAAGUAACUAGAGAUGGAAG-3'(SEQ ID NO 
135))iWl1iCh is separate from the DNAZyme (i.e., intermo 
lecular cleavage is ShOWIDiiS labeled as such. Similarly, 
the DNAZyme identi?ed herein as 10-23 residue nos. 5-33 
of SEQ ID NO 85, With “CTA” substituted for “TTG” at the 
5' end is shoWn on the right, With the site of cleavage of the 
RNA substrate indicated by the arroW. Again, the substrate 
sequence is indicated (SEQ ID NO 135). For the 8-17 
enZyme, kobs Was approximately 0.002 min_l; for the 10-23 
enZyme, the value of kobs Was approximately 0.01 min-l. 
Noncomplementary pairings are indicated With a closed 
circle (C), Whereas complementary pairings are indicated 
With a vertical line (|). 

FIG. 10 illustrates a schematic shoWing the composition 
ofthe 8-17 (SEQ ID NO 120) and 10-23 (SEQ ID NO 121) 
catalytic motifs. The DNA enZyme (bottom strand) binds the 
RNA substrate (top strand) through complementary Watson 
Crick pairing (vertical lines) betWeen unspeci?ed comple 
mentary nucleotides (horiZontal lines). Cleavage occurs at 
the position indicated by the arroW, Where RIA or G and 
YIU or C. 

FIG. 11 illustrates the catalytic activity of the 10-23 DNA 
enZyme under multiple-turnover conditions as described in 
Example 6. Initial velocities Were measured over the ?rst 
10% of the reaction, employing a ?xed concentration of 
enZyme (0.004 nM) and varying concentrations of substrate 
(0.02-4 nM). The 17mer RNA substrate, corresponding to 
the start codon region of HIV-1 gag/pol mRNA, Was pre 
pared by in vitro transcription. Reaction conditions: 2 mM 
MgCl2, 150 mM NaCl, pH 7.5, 37 C. Data from tWo 
independent experiments are shoWn and Were ?t to the 
Michaelis-Menten equation: v:kcat [E]/(Km+[S]). 
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FIGS. 12A and 12B contain tWo panels that illustrate the 
effect of variation to the length of the substrate binding 
regions of a DNA enzyme of the invention, as described in 
Example 6. The length of the complementary substrate 
binding region Was varied in length (n) from 4 to 13 
nucleotides for each the ?rst and second substrate binding 
region (arm), as noted, and the catalytic activity Was mea 
sured and expressed as kcat (min_l) and Km (nanomolar 
[nMD 

FIG. 13 illustrates the effect of modi?cations to the 
nucleotide residues of a DNA enzyme, as described in 
Example 6. DNA enzymes Were incubated in 10% heat 
inactivated fetal bovine serum in RPMI-1640 media at 37 
,iicC, comparing unmodi?ed DNA (open circles), inverted 
thymidylate (?lled circles), ?ve 2'-O-Me residues in each 
arm, (open squares), all 2'-O-Me residues in each arm (?lled 
squares), ?ve PIS residues in core (open triangles), and 
three PIS residues in each arm (?lled triangles). 

DETAILED DESCRIPTION 

A. De?nitions 
As used herein, the term “deoxyribozyme” is used to 

describe a DNA-containing nucleic acid that is capable of 
functioning as an enzyme. In the present disclosure, the term 
“deoxyribozyme” includes endoribonucleases and endode 
oxyribonucleases, although deoxyribozymes With endoribo 
nuclease activity are particularly preferred. Other terms used 
interchangeably With deoxyribozyme herein are “enzymatic 
DNA molecule”, “DNAzyme”, or “catalytic DNA mol 
ecule”, Which terms should all be understood to include 
enzymatically active portions thereof, Whether they are 
produced synthetically or derived from organisms or other 
sources. 

The term “enzymatic DNA molecules” also includes DNA 
molecules that have complementarity in a substrate-binding 
region to a speci?ed oligonucleotide target or substrate; such 
molecules also have an enzymatic activity Which is active to 
speci?cally cleave the oligonucleotide substrate. Stated in 
another fashion, the enzymatic DNA molecule is capable of 
cleaving the oligonucleotide substrate intermolecularly. This 
complementarity functions to alloW suf?cient hybridization 
of the enzymatic DNA molecule to the substrate oligonucle 
otide to alloW the intermolecular cleavage of the substrate to 
occur. While one-hundred percent (100%) complementarity 
is preferred, complementarity in the range of 75*100% is 
also useful and contemplated by the present invention. 

Enzymatic DNA molecules of the present invention may 
alternatively be described as having nuclease or ribonu 
clease activity. These terms may be used interchangeably 
herein. 

The term “enzymatic nucleic acid” as used herein encom 
passes enzymatic RNA or DNA molecules, enzymatic RNA 
DNA polymers, and enzymatically active portions or deriva 
tives thereof, although enzymatic DNA molecules are a 
particularly preferred class of enzymatically active mol 
ecules according to the present invention. 

The term "endodeoxyribonuclease”, as used herein, is an 
enzyme capable of cleaving a substrate comprised predomi 
nantly of DNA. The term “endoribonuclease”, as used 
herein, is an enzyme capable of cleaving a substrate com 
prised predominantly of RNA. 
As used herein, the term “base pair” (bp) is generally used 

to describe a partnership of adenine (A) With thymine (T) or 
uracil (U), or of cytosine (C) With guanine (G), although it 
should be appreciated that less-common analogs of the bases 
A, T, C, and G (as Well as U) may occasionally participate 
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12 
in base pairings. Nucleotides that normally pair up When 
DNA or RNA adopts a double stranded con?guration may 
also be referred to herein as “complementary bases”. 

“Complementary nucleotide sequence” generally refers to 
a sequence of nucleotides in a single-stranded molecule or 
segment of DNA or RNA that is su?iciently complementary 
to that on another single oligonucleotide strand to speci? 
cally hybridize to it With consequent hydrogen bonding. 

“Nucleotide” generally refers to a monomeric unit of 
DNA or RNA consisting of a sugar moiety (pentose), a 
phosphate group, and a nitrogenous heterocyclic base. The 
base is linked to the sugar moiety via the glycosidic carbon 
(1' carbon of the pentose) and that combination of base and 
sugar is a “nucleoside”. When the nucleoside contains a 
phosphate group bonded to the 3' or 5' position of the 
pentose, it is referred to as a nucleotide. A sequence of 
operatively linked nucleotides is typically referred to herein 
as a “base sequence” or “nucleotide sequence”, and their 
grammatical equivalents, and is represented herein by a 
formula Whose left to right orientation is in the conventional 
direction of 5'-ter'minus to 3'-terminus, unless otherWise 
speci?ed. 

“Nucleotide analog” generally refers to a purine or pyri 
midine nucleotide that differs structurally from A, T, G, C, 
or U, but is suf?ciently similar to substitute for the normal 
nucleotide in a nucleic acid molecule. As used herein, the 
term “nucleotide analog” encompasses altered bases, differ 
ent or unusual sugars (i.e. sugars other than the “usual” 
pentose), or a combination of the tWo. A listing of exemplary 
analogs Wherein the base has been altered is provided in 
section C hereinbeloW. 

“Oligonucleotide or polynucleotide” generally refers to a 
polymer of single- or double-stranded nucleotides. As used 
herein, “oligonucleotide” and its grammatical equivalents 
Will include the full range of nucleic acids. An oligonucle 
otide Will typically refer to a nucleic acid molecule com 
prised of a linear strand of ribonucleotides. The exact size 
Will depend on many factors, Which in turn depends on the 
ultimate conditions of use, as is Well knoWn in the art. 

As used herein, the term “physiologic conditions” is 
meant to suggest reaction conditions emulating those found 
in mammalian organisms, particularly humans. While vari 
ables such as temperature, availability of cations, and pH 
ranges may vary as described in greater detail beloW, “physi 
ologic conditions” generally comprise a temperature of 
about 35*40o C., With 370 C. being particularly preferred, as 
Well as a pH of about 7.0*8.0, With 7.5 being particularly 
preferred, and further comprise the availability of cations, 
preferably divalent and/or monovalent cations, With a con 
centration of about 2*15 mM Mg2+ and (P10 M Na+ being 
particularly preferred. “Physiologic conditions”, as used 
herein, may optionally include the presence of free nucleo 
side cofactor. As noted previously, preferred conditions are 
described in greater detail beloW. 

B. Enzymatic DNA Molecules 
In various embodiments, an enzymatic DNA molecule of 

the present invention may combine one or more modi?ca 
tions or mutations including additions, deletions, and sub 
stitutions. In alternative embodiments, such mutations or 
modi?cations may be generated using methods Which pro 
duce random or speci?c mutations or modi?cations. These 
mutations may, for example, change the length of, or alter 
the nucleotide sequence of, a loop, a spacer region or the 
recognition sequence (or domain). One or more mutations 
Within one catalytically active enzymatic DNA molecule 
may be combined With the mutation(s) Within a second 
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catalytically active enzymatic DNA molecule to produce a 
neW enzymatic DNA molecule containing the mutations of 
both molecules. 

In other preferred embodiments, an enzymatic DNA mol 
ecule of the present invention may have random mutations 
introduced into it using a variety of methods Well knoWn to 
those skilled in the art. For example, the methods described 
by CadWell et al, PCR Methods and Applications, 2:28433, 
1992, are particularly preferred for use as disclosed herein, 
With some modi?cations, as described in the Examples that 
folloW. (Also see CadWell et al, PCR Methods and Appli 
cations, 3(Suppl.):S1364S140, 1994.) According to this 
modi?ed PCR method, random point mutations may be 
introduced into cloned genes. 

The aforementioned methods have been used, for 
example, to mutagenize genes encoding ribozymes With a 
mutation rate of 0.66%:0.13% (95% con?dence interval) 
per position, as determined by sequence analysis, With no 
strong preferences observed With respect to the type of base 
substitution. This alloWs the introduction of random muta 
tions at any position in the enzymatic DNA molecules of the 
present invention. 

Another method useful in introducing de?ned or random 
mutations is disclosed in Joyce et al, Nucleic Acids Res., 
17:7114722, 1989. This latter method involves excision ofa 
template (coding) strand of a double-stranded DNA, recon 
struction of the template strand With inclusion of mutagenic 
oligonucleotides, and subsequent transcription of the par 
tially-mismatched template. This alloWs the introduction of 
de?ned or random mutations at any position in the molecule 
by including polynucleotides containing knoWn or random 
nucleotide sequences at selected positions. 

Enzymatic DNA molecules of the present invention may 
be of varying lengths and folding patterns, as appropriate, 
depending on the type and function of the molecule. For 
example, enzymatic DNA molecules may be about 15 to 
about 400 or more nucleotides in length, although a length 
not exceeding about 250 nucleotides is preferred, to avoid 
limiting the therapeutic usefulness of molecules by making 
them too large or unWieldy. In various preferred embodi 
ments, an enzymatic DNA molecule of the present invention 
is at least about 20 nucleotides in length and, While useful 
molecules may exceed 100 nucleotides in length, preferred 
molecules are generally not more than about 100 nucleotides 
in length. 

In various therapeutic applications, enzymatic DNA mol 
ecules of the present invention comprise the enzymatically 
active portions of deoxyribozymes. In various embodiments, 
enzymatic DNA molecules of the present invention prefer 
ably comprise not more than about 200 nucleotides. In other 
embodiments, a deoxyribozyme of the present invention 
comprises not more than about 100 nucleotides. In still other 
preferred embodiments, deoxyribozymes of the present 
invention are about 20475 nucleotides in length, more 
preferably about 20465 nucleotides in length. Other pre 
ferred enzymatic DNA molecules are about 10450 nucle 
otides in length. 

In other applications, enzymatic DNA molecules may 
assume con?gurations similar to those of “hammerhead” 
ribozymes. Such enzymatic DNA molecules are preferably 
no more than about 754100 nucleotides in length, With a 
length of about 2050 nucleotides being particularly pre 
ferred. 

In general, if one intends to synthesize molecules for use 
as disclosed herein, the larger the enzymatic nucleic acid 
molecule is, the more dif?cult it is to synthesize. Those of 
skill in the art Will certainly appreciate these design con 
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straints. Nevertheless, such larger molecules remain Within 
the scope of the present invention. 

It is also to be understood that an enzymatic DNA 
molecule of the present invention may comprise enzymati 
cally active portions of a deoxyribozyme or may comprise a 
deoxyribozyme With one or more mutations, e.g., With one 
or more base-pair-forming sequences or spacers absent or 

modi?ed, as long as such deletions, additions or modi?ca 
tions do not adversely impact the molecule’s ability to 
perform as an enzyme. 

The recognition domain of an enzymatic DNA molecule 
of the present invention typically comprises tWo nucleotide 
sequences ?anking a catalytic domain, and typically con 
tains a sequence of at least about 3 to about 30 bases, 
preferably about 6 to about 15 bases, Which are capable of 
hybridizing to a complementary sequence of bases Within 
the substrate nucleic acid giving the enzymatic DNA mol 
ecule its high sequence speci?city. Modi?cation or mutation 
of the recognition site via Well-knoWn methods alloWs one 
to alter the sequence speci?city of an enzymatic nucleic acid 
molecule. (See Joyce et al, Nucleic Acids Res., 17:7114712, 
1989.) 
Enzymatic nucleic acid molecules of the present invention 

also include those With altered recognition sites or domains. 
In various embodiments, these altered recognition domains 
confer unique sequence speci?cities on the enzymatic 
nucleic acid molecule including such recognition domains. 
The exact bases present in the recognition domain determine 
the base sequence at Which cleavage Will take place. Cleav 
age of the substrate nucleic acid occurs Within the recogni 
tion domain. This cleavage leaves a 2', 3', or 2',3'-cyclic 
phosphate group on the substrate cleavage sequence and a 5' 
hydroxyl on the nucleotide that Was originally immediately 
3' of the substrate cleavage sequence in the original sub 
strate. Cleavage can be redirected to a site of choice by 
changing the bases present in the recognition sequence 
(internal guide sequence). See Murphy et al, Proc. Natl. 
Acad. Sci. USA, 861921849222, 1989. 

Moreover, it may be useful to add a polyamine to facilitate 
recognition and binding betWeen the enzymatic DNA mol 
ecule and its substrate. Examples of useful polyamines 
include spermidine, putrescine or spermine. A spermidine 
concentration of about 1 mM may be effective in particular 
embodiments, While concentrations ranging from about 0.1 
mM to about 10 mM may also be useful. 

In various alternative embodiments, an enzymatic DNA 
molecule of the present invention has an enhanced or 
optimized ability to cleave nucleic acid substrates, prefer 
ably RNA substrates. As those of skill in the art Will 
appreciate, the rate of an enzyme-catalyzed reaction varies 
depending upon the substrate and enzyme concentrations 
and, in general, levels off at high substrate or enzyme 
concentrations. Taking such effects into account, the kinetics 
of an enzyme-catalyzed reaction may be described in the 
folloWing terms, Which de?ne the reaction. 
The enhanced or optimized ability of an enzymatic DNA 

molecule of the present invention to cleave an RNA sub 
strate may be determined in a cleavage reaction With varying 
amounts of labeled RNA substrate in the presence of enzy 
matic DNA molecule. The ability to cleave the substrate is 
generally de?ned by the catalytic rate (kcat) divided by the 
Michaelis constant (KM). The symbol kcat represents the 
maximal velocity of an enzyme reaction When the substrate 
approaches a saturation value. KM represents the substrate 
concentration at Which the reaction rate is one-half maximal. 

For example, values for KM and kcat may be determined 
in this invention by experiments in Which the substrate 


























































































